For the development of an active control of a turbulent jet, measurements of an axisymmetric turbulent jet were performed with multiple "moving delta tabs." Five computercontrolled delta tabs, which can be driven independently, were installed at the skimmer. Two modes were tested; in the first mode, all the delta tabs were stationary (i.e., conventional way), and in the second mode, the delta tabs were oscillated in phase at a frequency of 4 Hz. Simultaneous multipoint measurements of instantaneous velocity were performed using a rake of 21 I-type hot wires, specially designed and manufactured for this study. The results are compared with those in a canonical axisymmetric jet without tabs. The results show that the turbulence quantities, such as mean and rms velocities, skewness, kurtosis, probability density function, and power spectra are significantly altered by the stationary and oscillating delta tabs. The effects of the oscillation of delta tabs are found to modify the large-scale structure in the near field of the jet. The results confirm the effectiveness of the active control of an axisymmetric jet using the oscillating delta tabs.
Introduction
An axisymmetric turbulent jet is the fundamental type of flow in fluid dynamics and has wide practical applications. Thus, it has been anticipated that noise reduction and control of heat and mass transfer and chemical reaction rate could be achieved by controlling the jet either passively or actively. It is widely accepted that the characteristics of the jet are strongly dependent on the initial condition of the mixing layer near the nozzle. Therefore, the passive control of a jet by installing tabs or vortex generators at the exit of a nozzle has attracted attention for years and a number of experiments have been conducted (1) - (6) . For instance, Zaman et al. (3) , (4) have reported that the structure of a jet is considerably altered by the "delta tabs" installed at the exit of a nozzle, and the change in the structure depends on the number and arrangement of the delta tabs. On the other hand, recently, with the development of MEMS technology, the active control of the jet using microsensor and actuator has been investigated (7) , (8) . The active control of the jet is a very attractive concept because of its wide applicability and flexibility of control. Zaman (3) has suggested the use of "moving delta tabs" as a simple way of an active control of the jet. However, no experiments have been reported on the active control of the jet using the moving delta tabs. In this study, an active control of an axisymmetric turbulent jet was attempted by installing five computer-controlled delta tabs at the exit of the skimmer and oscillating them. Two modes were tested; in the first mode, all the delta tabs were stationary (i.e., conventional way), whereas in the second mode, the delta tabs were oscillated in phase at a frequency of 4 Hz. Simultaneous multipoint measurements of instantaneous velocity were performed using a rake of 21 I-type hot wires. u : axial velocity fluctuation u : axial rms velocity U : instantaneous velocity U C : mean velocity on the centerline of the axisymmetric jet U J : initial mean velocity at the exit (skimmer) x : axial coordinate or axial distance from the origin y : vertical coordinate or vertical distance from the origin z : spanwise coordinate or spanwise distance from the origin ν : kinematic viscosity Figure 1 shows the experimental setup. A small wind tunnel (Fig. 1a) , which consists of a fan (Takagi; VEN-400), diffuser, rectifying section, and contraction, is used. The crosssectional area of the exit of the contraction is 80 × 80 mm 2 . The wind speed was controlled using an inverter connected to the fan. To generate an axisymmetric jet with a uniform initial mean velocity, the brass skimmer was installed in the potential core region that is downstream of the exit of the wind tunnel, as shown in Fig. 1 (b) . It was found in our previous experiment that the potential core region exists up to 50 mm downstream from the exit of the wind tunnel, and the vertical and spanwise region of the potential core is 50 mm × 50 mm at 25 mm
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Vol. 3, No.2, 2008 (a) Geometry of the delta tab downstream of the wind tunnel. Therefore, the skimmer, whose diameter is d = 30 mm, is fixed at 25 mm downstream from the exit of the wind tunnel. The test section is surrounded by acrylic plates in order to eliminate external disturbances from outside. The dimension of the acrylic enclosure is 800 mm × 500 mm × 500 mm in the streamwise, vertical, and spanwise directions. Note that the width of the jet is approximately 350 mm at x/d = 20 (x = 600 mm); therefore, the acrylic enclosure does not affect the development of the jet. The coordinate system used is as follows: the x-axis along the axial direction with the origin at the center of the skimmer, y-axis vertically pointing up, and z-axis along the spanwise direction. The delta tab consists of a right-angled triangle-shaped acrylic plate, as shown in Fig. 2  (a) . The tabs are perpendicularly inserted at the skimmer into the jet flow, and the maximum height of the insertion is set at h = 3 mm, which is 10 % of the diameter of the skimmer (i.e., h/d = 0.1). Thus, the maximum blockage ratio is 1.27 %. Each tab is fixed on the slide table connected to the slide actuator (Nippon Thompson; TU-25S13A), as shown in Fig. 2 (b). The five tabs are then installed at the skimmer at an angle equal to 2π/5, as shown in Fig. 1 
(b).
A stepping motor (Oriental Motor; PMM33B2) is used to actuate the tabs. The maximum torque of the motor is 3.3 × 10 −2 N, and the time required for acceleration/deceleration is less than 2 μm. Three controllers (Oriental Motor; EPM2002 (two) and EPM2001 (one)) are used to control the five motors. A trigger circuit is specially designed and manufactured to synchronize the motion of the tabs. It is expected that the number of the tab is important when controlling the jet by using moving delta tabs. The effect of the number of moving delta tabs will be reported in our next paper. Note that for stationary tabs without oscillation, one to four tabs are normally used (1) -(5) .
Measuring System and Experimental Conditions 3.2.1. Measuring System
The simultaneous measurements of instantaneous velocity were performed using a hot-wire rake consisting of 21 I-type probes. The rake and anemometer were manufactured in our laboratory (9) . The diameter of the prong tip of the probe and tungsten wire were 0.4 mm and 5 μm, respectively. The length of the sensor was 1 mm, and the resistance was 5.0 Ω. The I-type probes were aligned 2.5 mm apart, and the total length of the probe rake was 50 mm. and 23 s, respectively. The statistical processing was done by the PC.
Experimental Conditions
The wind velocity at the skimmer exit is set at U J = 15.7 m/s, resulting in the Reynolds number Re (= U J d/ν) = 30,000. In this study, all the tabs are oscillated in phase at a frequency of 4 Hz; however, several types of movements could be possible using the present apparatus. It is expected that the frequency of the tabs may also be important in controlling the jet along with the number of tabs. The effect of the frequency of oscillation will be reported in our next paper. Note that from the practical point of view, low-frequency oscillations may be preferred.
The effects of stationary delta tabs without oscillation are also investigated for comparison. The height of the tabs is set at h = 3 mm, which is the maximum value when the tabs are oscillating. Hereafter, the axisymmetric jet without tabs is referred to as "reference," the axisymmetric jet with five stationary delta tabs without oscillation is referred to as "stationary," and the axisymmetric jet with five moving delta tabs with oscillation is referred to as "moving." Science and Technology Figure 3 shows the time variations of the instantaneous velocity obtained by the 21-point simultaneous measurements at x/d = 2 and z/d = 0. The ordinate represents the vertical position (with y/d = 0 being the axis of the jet), and the abscissa represents the elapsed time t. For the tabless jet (Fig. 3a) , it is observed that the high-speed region (red region) and lower-speed region (orange region) appear alternately in the central region of the jet, which implies that the instantaneous velocity changes periodically with time at the fixed measuring point. This structure in the transition region is well known and the vortex rings interact to develop large-scale structure in the turbulent region (10) . The frequency of the vortex street in the transition region in this study is estimated from Fig. 3 to be approximately 270 Hz under the present condition. For the stationary case (Fig. 3b) , it is observed that the low-speed fluid lumps penetrate into the central region of the jet, which implies that fluid mixing is enhanced by the stationary delta tabs. The enhancement is more significant in the downstream region of the gaps between the tabs (negative region in Fig. 3 ; also refer Fig. 1b) , rather than the downstream region just behind the tabs. The result is attributed to the fact that the interaction of the longitudinal vortex pairs generated by the tabs is significant in the downstream region of the gaps between the tabs (3) . When the tabs are oscillated (Fig. 3c) , the periodical vortex motions reduce, and the velocity profile becomes more homogeneous. into the jet (1) . The reduction is more significant in the stationary mode, as compared to that in the moving mode. Figure 5 shows the cross-sectional profiles of the mean velocity at the plane x/d = 2.0. The ordinate and abscissa represent the normalized vertical and spanwise distances from the origin, respectively, and the contours show the normalized mean velocity profile, with an interval of 0.1. Without the tabs (Fig. 5a) , the profile resembles concentric circles. When the tabs are used in the stationary and moving modes (Fig. 5b and 5c, respectivery) , the profile deviates from the concentric circles due to the longitudinal vortex induced by the delta tabs. The result for the stationary tabs is consistent with that of the previous experiments (1) - (5) . It is found that the change in the mean velocity is more significant in the stationary mode than that in the moving mode. It is noteworthy that when the tabs are used, especially in the stationary mode, the mean velocity increases at z/d = 0 in the region y/d < 0, which is the downstream region between the tabs. On the other hand, Fig. 3 shows that the low-speed fluid lump penetrates the central region of the jet. The results imply that, in this region, the high-and low-speed fluid lumps coexist, probably accompanied by the intense vortical motions induced by the delta tabs. Figure 6 shows the axial profile of root-mean-square (rms) velocity u /U J . It is observed that the tabs enhance the rms velocity in the near field of the jet, and the enhancement is more significant when the tabs are stationary. The results are consistent with the instantaneous velocity profiles shown in Fig. 3 . On the other hand, in the downstream region of x/d > 8, the rms velocities exhibit smaller values in the stationary and moving modes as compared to Figure 7 shows the cross-sectional profile of the rms velocity at the plane x/d = 2.0. The ordinate and abscissa represent the normalized vertical and spanwise distances from the origin, respectively, and the contours show the rms velocity profiles, in the range 0.02 ∼ 0.2 with an interval of 0.02. Note that the normalized rms velocities exhibit peaks at around r/d = 0.5, where the velocity gradient is the largest. Without the tabs, the profile consists of concentric circles similar to that of the mean velocity profile. When the tabs are used in the stationary and moving modes, the profile deviates from the concentric circles and exhibits a more complex profile. This is similar to the case of the mean velocity profile, and is attributed to the longitudinal vortex induced by the delta tabs. The effect of the oscillation of the tabs is less significant; a careful inspection of the profile reveals that the region exhibiting the maximum value of the rms velocity is slightly larger when the tabs are stationary. Figure 8 shows the axial (y/d = z/d = 0) profile of the skewness S and kurtosis K of u. Without the tabs (reference), the axial velocity fluctuation is close to Gaussian (i.e., S = 0 and K = 3) in the region of x/d < 3. Both S and K exhibit peaks in the downstream location of x/d = 5 and then approach to S = 0 and K = 3 in the far downstream region of x/d > 8. On the other hand, when the tabs are used in the stationary and moving modes, both S and K exhibit peaks in the region close to the skimmer (at x/d = 2 ∼ 3), and their absolute values are significantly larger than those in the canonical jet without the tabs. The changes in S and K are more significant in the moving mode. In particular, the increase in K is notable in the moving mode. The increase in |S | and K can be attributed to the longitudinal vortex motions induced by the delta tabs. The effects of the delta tabs become less significant in the downstream region, and the profiles of S and K imply the Gaussian distribution of u after x/d > 8; where, u in the tabless jet (reference) also exhibits the Gaussian distribution. These results suggest that the delta tabs enhance turbulent mixing in the near field of the jet and promotes the development of the jet. Figure 9 shows the axial (y/d = z/d = 0) variation of probability density functions (PDF) of axial velocity fluctuation u. The ordinate represents the normalized PDF, and the abscissa shows the velocity fluctuation normalized by the rms velocity u/u . The solid line shows the Gaussian curve. Without the delta tabs (Fig. 9a) , a negative tail of the PDF deviates from the Gaussian curve and exhibits a larger value in the region between the end of the potential core and the interaction region of the jet (i.e., x/d = 4 ∼ 6). In this region, the peaks of the PDF shift slightly toward the positive region. In the region close to the skimmer (x/d = 2) as well as in the region far from the skimmer (x/d = 12), PDF profiles are close to the Gaussian (Fig. 9b) , the negative tail of the PDF deviates from the Gaussian curve and exhibits a larger value at x/d = 2. This result is attributed to the low-speed spike motions due to the longitudinal vortex induced by the delta tabs, which is also supported by the profiles of S and K shown in Fig. 8 . On the other hand, the PDFs at x/d ≥ 5 follow the Gaussian curve well. The result implies that the delta tabs enhance turbulent mixing in the near field of the jet and promote the development of the jet field, which is also suggested by the profiles of S and K.
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For moving delta tabs (Fig. 9c) , the positive tail of the PDF prevails as well as the negative tail at the initial stage of the potential core (x/d = 2). In the region of x/d = 4 ∼ 6, the negative tail of the PDF prevails, and this is similar to the tabless jet (Fig. 9a) . These results are consistent with the profiles of S and K shown in Fig. 8 . At a location far from the skimmer (x/d = 12), the PDFs are close to the Gaussian curve, regardless of the tab manipulation. Figure 10 shows the axial (y/d = z/d = 0) variation of the power spectra of u. The frequency f is normalized by d and U J , and the power spectrum is normalized by the square of the rms velocity (i.e., turbulence intensity). At x/d = 2, near the skimmer (Fig. 10 a) , a peak is clearly observed at around f d/U J ≈ 0.5. The frequency of f d/U J ≈ 0.5 corresponds to the frequency of vortex street in the transition region (10) , which is confirmed from the instantaneous velocity profile shown in Fig. 3 . The peak value of the spectra decreases with the increase in x/d due to the interactions between the vortex and the mixing layer (10) , and the peak disappears at the downstream location of x/d = 5, where the spectra exhibit −5/3 power law region in the high-frequency range. With oscillating delta tabs, the power spectra in the low-frequency range are significantly enhanced within the potential core region at x/d = 2 and 5. Thus, it is found that the delta tabs alter the large-scale turbulence of the jet when they are oscillated. Since the energy production is very active in this energy-containing region, it is expected that the oscillations of the tabs
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